Stenting and flow diversion for aneurysmal sub arachnoid hemorrhage (aSAH) require the use of dual antiplatelet therapy (DAPT). OBJECTIVE: To investigate whether DAPT is associated with hemorrhagic complication following placement of external ventricular drains (EVD) in patients with aSAH. METHODS: Rates of radiographically identified hemorrhage associated with EVD placement were compared between patients who received DAPT for stenting or flow diversion, and patients who underwent microsurgical clipping or coiling and did not receive DAPT by way of a backward stepwise multivariate analysis. RESULTS: Four hundred forty-three patients were admitted for aSAH management. Two hundred ninety-eight patients required placement of an EVD. One hundred twenty patients (40%) were treated with stent-assisted coiling or flow diversion and required DAPT, while 178 patients (60%) were treated with coiling without stents or microsurgical clipping and did not receive DAPT. Forty-two (14%) cases of new hemorrhage along the EVD catheter were identified radiographically. Thirty-two of these hemorrhages occurred in patients on DAPT, while 10 occurred in patients without DAPT. After multivariate analysis, DAPT was significantly associated with radiographic hemorrhage [odds ratio: 4.92, 95% confidence interval: 2.45-9.91, P = .0001]. We did not observe an increased proportion of symptomatic hemorrhage in patients receiving DAPT (10 of 32 [31%]) vs those without (5 of 10 [50%]; P = .4508). CONCLUSION: Patients with aSAH who receive stent-assisted coiling or flow diversion are at higher risk for radiographic hemorrhage associated with EVD placement. The timing between EVD placement and DAPT initiation does not appear to be of clinical significance. Stenting and flow diversion remain viable options for aSAH patients.
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aneurysms and expedited management have improved overall outcomes, it remains a devastating disease with a mortality rate approaching 25%. [2] [3] [4] As most patients with aSAH present with hydrocephalus, emergent placement of an external ventricular drain (EVD) is frequently required. Historically, EVD placement has been associated with a low risk of clinically significant hemorrhage. 5 Considerable advances in endovascular stenting and flow diversion have allowed for aneurysms with wide necks and complex morphologies to be treated without open microsurgery. As a result, these techniques are being used with increasing frequency for treatment of aSAH. However, acute stenting and flow diversion requires perioperative dual antiplatelet therapy (DAPT) to mitigate the risk of in-stent thrombosis. This creates a therapeutic trade off, requiring the neurointerventional surgeon to balance the widening applicability of these techniques against the risk of hemorrhagic complication in patients who may require additional neurosurgical interventions.
There is an overall lack of published data regarding the risk of hemorrhagic complication associated with placement of EVDs in the setting of SAH and DAPT for endovascular stenting or flow diversion. 6, 7 Our group has conducted a number of smaller retrospective studies that examine this risk, ultimately concluding that an elevated risk of radiographic hemorrhage exists in patients receiving DAPT. [7] [8] [9] Despite this increased risk, the majority of these hemorrhages appear to be asymptomatic. In this study, involving a larger cohort of patients collected over 6 and a half years from a high-volume quaternary center, we sought to evaluate the risk of hemorrhage associated with EVD placement in patients on DAPT required for intracranial stenting or flow diverters in patients with aSAH. Secondarily, we sought to determine if the time between EVD placement and DAPT initiation was related to the occurrence of EVD-associated hemorrhages or their clinical significance.
METHODS

Study Design, Setting, and Participants
Study design and manuscript organization were guided by the STROBE statement on cohort studies. The study was approved by the Institutional Review Board. Informed consent was not obtained. Data were entered prospectively into a quality control database for patients presenting between July 2009 and November 2016 with aSAH. All patients in our database were considered eligible and included in the study. Patients from our 2011 analysis were not included. All medical records and imaging studies for all patients receiving EVD placement during this time period were retrospectively reviewed.
Procedural Technique
The standard techniques for EVD placement at our institution have been previously described. 7 Briefly, EVDs were placed by using a standard ventriculostomy catheter through Kocher's point to a depth of 5 to 6 cm in all patients with radiographically observed hydrocephalus on admission. The Ghajar guide was used in all cases unless there was a significant shift of midline brain structures. No bedside ventriculostomies were performed. Ventricular drains were not changed unless they became obstructed or an infection related to the ventriculostomy occurred. Patients who underwent stent-assisted coiling or flow diversion received 600 mg clopidogrel and 325 mg of acetylsalicylic acid (ASA) at the time of stent deployment, followed by 75 mg clopidogrel daily and 325 mg ASA daily postoperatively. Aggrastat was given IV for 2 h at 0.15 mcg/kg/min immediately following deployment a stent or flow diverter. DAPT was not discontinued during the perioperative period. EVD was placed before DAPT initiation in 116 patients. Only 4 received DAPT prior to EVD placement. 
Demographics, Hemorrhage Risk Factors, and Baseline Characteristics
The baseline characteristics for the study population were collected at the time of admission and are summarized in Table 1 .
Determination of EVD-Related Hemorrhage
All postoperative computed tomography (CT) scans obtained during the index hospitalization were first reviewed by an attending neuroradiologist blinded to the clinical outcome. All patients underwent, at a minimum, a same day postoperative CT scan following EVD placement. Two blinded attending neurosurgeons then further reviewed identified CT scans to confirm hemorrhage extent and location. If discrepancy between interpretations existed, the neurosurgical interpretation took precedence. A hemorrhage was deemed EVD-related if it occurred along the ventricular catheter tract. A hemorrhage was classified as symptomatic if it required further surgical intervention, was associated with any temporally related deterioration in daily serial neurological examination, or caused seizures. If identified hemorrhages were not classified as symptomatic, they were categorized as purely radiographic.
Statistical Analysis and Variables
Demographic and clinical variables including: age, sex, EVD approach, antiplatelet therapy prior to admission (any dosage or combination of AP medications), presenting Hunt and Hess grade of the aSAH, presenting Fischer grade, and presenting World Federation of Neurosurgical Societies grade were compared between groups. All significant variables associated with hemorrhage (P < .35) were included in a backward, stepwise, multivariate analysis. Identified symptomatic hemorrhages were analyzed with respect to DAPT with the use of Fisher's exact test. Hemorrhage size (defined as largest linear dimension) was compared with respect to DAPT with the use of an unpaired 2-tailed Student's t-test. Mean times between DAPT initiation and EVD placement were compared with the use of an unpaired 2-tailed Student's t-test.
RESULTS
Clinical Characteristics
Four hundred forty-three patients were admitted for management of aSAH. Of these patients, 298 underwent EVD placement. The demographic and clinical characteristics of these patients are summarized in Table 1 . Of the patients receiving an EVD, 178 patients (60%) underwent coiling without a stent or microsurgical clipping and did not require DAPT. The remaining 120 patients (40%) underwent stent-assisted coiling or flow diversion and required DAPT.
Main Results
A total of 1309 postoperative head CT scans following EVD placement, or both EVD placement and DAPT initiation, were reviewed. Forty-two new cases (14%) of new intracranial hemorrhage were observed along the EVD tract. Thirty-two (26.7%) of these hemorrhages occurred in patients on DAPT. Ten (5.6%) hemorrhages occurred in patients who underwent microsurgical clipping or endovascular coiling and were not on DAPT. No identified hemorrhage occurred during or after EVD removal. The results of our analysis are summarized in (Table 2) . After multivariate analysis, DAPT was significantly associated with hemorrhage (odds ratio [OR]: 4.92, 95% confidence interval [CI]: 2.45-9.91, P = .0001; Table 3 ). Fischer grades on presentation were significantly associated with EVD-associated hemorrhage after multivariate analysis (OR: 1.67, 95% CI: 1.03-2.70, P = .03; Table 3 ). Of the patients not receiving DAPT, 5 hemorrhages were judged to be clinically significant (5 of 10 [50%]). Among these patients, 2 required EVD revision due to hemorrhage-associated blockage, 1 developed new onset leftsided weakness, 1 patient developed left-sided pronator drift and confusion, and 1 patient developed left-sided focal deficits. Of the patients receiving DAPT, 10 hemorrhages were judged to be clinically significant (10 of 32 [31%]). Of these patients, 4 needed EVD revision. Temporally related deficits attributed to EVD-associated hemorrhage among the other 6 patients included new onset minimal reactivity, inability to follow commands in both left upper and lower extremities, weakness in extremities, headache, confusion, and drowsiness. DAPT was not significantly associated with increased numbers of symptomatic hemorrhage (P = .4508; Table 2 ). The size of the observed hematomas was not statistically different between the 2 groups ( Table 2 ). In the 120 patients receiving DAPT and an EVD, imaging revealed 7 (6%) clinically silent infarcts. Seven (6%) additional patients were identified as having symptomatic transient ischemic attack or radiographically observed clinically significant infarct. During long-term follow-up of the 40 patients who did not receive an EVD but were on DAPT for stent-assisted coiling or flow diversion, we observed 4 (10%) transient ischemic complications.
In nearly all patients, DAPT therapy was initiated within 24 h of EVD placement. Median time to DAPT for the 116 patients who underwent EVD placement first was 11.5 h. The mean number of hours between EVD and DAPT therapy initiation (endovascular treatment) was not statistically different between symptomatic EVD-associated hemorrhages and those that were classified as asymptomatic (10.88 ± 3.4 vs 18.15 ± 4.6, P = .2795). There was no significant difference between mean hours to DAPT initiation between those patients with radiographically identified hemorrhages and those without (15.24 ± 3.0 vs 15.18 ± 4.8, P = .9937). There was no significant difference in hours to DAPT between asymptomatic cases (no hemorrhage and radiographic hemorrhage) and symptomatic hemorrhage cases (15.69 ± 3.9 vs 10.5 ± 3.7, P = .6692).
DISCUSSION
When intracranial stents and flow diverters are used in the setting of aSAH, perioperative DAPT is required to avoid in-stent thrombosis. DAPT may theoretically complicate the patient's subsequent neurosurgical management, ultimately leading to a reluctance to treat patients with these minimally invasive modalities. Despite this hesitancy, a number of recent studies suggest that stents and flow diverters may be used effectively in aSAH patients when alternative treatment modalities are less clinically attractive. [10] [11] [12] Our group previously performed a small single institution retrospective analysis of 131 patients with aSAH who underwent intracranial catheter placement (Ventriculoperitoneal (VP) shunt/EVD) in the setting of aSAH. 7 We observed an increased rate of radiographically identified hemorrhage in patients on DAPT for stent-assisted coiling (P = .02). Additionally, we observed a statistically significant increase in the number of these radiographically identified hemorrhages that were classified as symptomatic in patients on DAPT (4 of 50 [8%] vs 1 of 109 [1%]; P = .03). In our current analysis, we wished to reevaluate our findings in a much larger number of patients over an extended period of time. After multivariate analysis, we confirmed that the odds of radiographic hemorrhage are significantly higher in those patients treated with DAPT. Based on a recent meta-analysis, the rate of radiographically identified hemorrhage in patients who undergo EVD placement is approximately 5.7%, with less than 1% of these hemorrhages becoming symptomatic. 5 These numbers are in relative agreement with the values we report (Table 2) , although in comparison, it is clear that DAPT confers an elevated risk of radiographic hemorrhage. However, we do not see a statistically significant increase in those hemorrhages judged to be symptomatic. Indeed, this is in agreement with a recent study our group conducted evaluating the risk of hemorrhage in patients receiving VP shunts for post hemorrhagic hydrocephalus in the setting of long-term DAPT prophylaxis. 9 We observed an increased rate of intracranial catheter-associated hemorrhage but no significant increase in number of symptomatic hemorrhages in patients on DAPT. Taken together, these data confirm the necessity of continuing DAPT during the perioperative period and further characterize the risk profile associated with stenting and flow diversion in the setting of aSAH.
We secondarily quantified the time between DAPT initiation and EVD placement with respect to EVD-associated hemorrhage. Placing the EVD first before endovascular therapy and DAPT makes clinical sense given the increased risk of radiographic hemorrhage associated with DAPT. Indeed, this occurred for nearly all patients in our analysis. However, our data suggest that patients with aSAH may be candidates for stenting or endovascular coiling regardless of the time interval between EVD placement and the subsequent initiation of DAPT.
Interestingly, our multivariate analysis revealed that AP prior to admission was not associated with increased identified radiographic hemorrhage. We postulate that since nearly all of these patients (47 of 48) were on low-dose aspirin or antiplatelet monotherapy prior to admission, the switch to high dosage DAPT during stenting/flow diversion provides a pathophysiological explanation for this observation.
In our manuscript, we report a higher percentage of aneurysms treated with stenting or flow diversion overall (40%) than is standard practice within the United States. The decision to treat with these modalities was made only after weighing a variety of factors. Those factors advancing the clinical decision towards stenting/flow diversion in our cohort included: age greater than 70 yr old, presence of multiple comorbid diseases, wide neck and anatomic considerations, Hunt Hess grade 4, and other clinical circumstances making the risks associated with open surgery high. Despite the nonsignificant rate of symptomatic hemorrhage observed with stenting and flow diversion, we observed 32 total hemorrhages in DAPT patients, 10 of being were symptomatic. All associated risks, not limited to the significant thromboembolic, ischemic, and hemorrhagic complications of stent usage, should be considered prior to selecting a therapeutic modality in the acute setting.
Recently, our group conducted an analysis revealing that the usage of DAPT was associated with reduced risk of clinical vasospasm and delayed cerebral ischemic changes. 13 These data suggest antiplatelet treatment may be of protective significance following aSAH. Additionally, we have noted that the use of tirofiban, a IIb/IIIa inhibitor, may be associated with fewer detrimental effects in aSAH patients. As a result, we have recently begun a phase I/IIa clinical trial at our institution investigating the IV infusion of tirofiban during the first 10 d of admission for aSAH. As a result of its 90-min half-life, tirofiban can eliminated from the patient's system within 4 h. This may ultimately allow for safer manipulation of EVDs and VP shunts.
Recent advancements in stent coating technology may allow for the discontinuation of perioperative DAPT altogether. In a recent case report, Chui et al 14 describes the use of aspirin as the sole antiplatelet agent alongside a single loading dose of abciximab in the setting of a World Federation of Neurosurgical Societies grade 5 intradural vertebral artery dissecting aneurysm rupture treated with a pipeline embolization device with shield technology (Covidien-Medtronic, Dublin, Ireland). 14 Technological advancements in antithrombotic stent coatings may ultimately eliminate the risk associated with perioperative DAPT. Finally, patients treated with DAPT for stenting or flow diversion may respond differently given 5% to 12% of patients are clopidogrel nonresponders. 15 Although we did not test for platelet responsiveness in our study, refinement of this technique may allow for patient-specific dosing, reducing the risk of DAPTassociated complication.
Limitations
Our study's external validity is limited by its single institution scope. It is limited overall by its retrospective nature. Uniform identification of radiographic EVD-associated hemorrhage across all patients may have been limited by variation in the number of CTs patients received during their hospitalization for clinical purposes, ultimately leading to missed hemorrhages. However, patients on DAPT and those not on DAPT received similar numbers of head CTs (Table 1) . At a minimum, all patients received a postoperative CT scan immediately following EVD placement. Nevertheless, it is likely that nondetection would be limited to purely radiographic hemorrhages, as symptomatic hemorrhages would have necessitated a CT scan for clinical purposes.
CONCLUSION
To the best of our knowledge, we provide the largest and most statistically comprehensive assessment to date regarding the risk of perioperative hemorrhage following DAPT therapy for stenting and flow diversion of ruptured intracranial aneurysms. Our analysis confirms that patients with aSAH who are candidates for stent-assisted coiling or flow diversion are at higher risk for hemorrhage associated with EVD placement. Despite this risk, the identified DAPT-associated hemorrhages do not appear to be of increased clinical significance. The timing between EVD placement and DAPT initiation does not appear to be of clinical significance. Stent-assisted coiling and flow diversion for aSAH remain options in an era of evolving endovascular therapeutics.
Disclosure
This work is a valuable addition to the current existing literature that proves an increased risk of bleeding for neurosurgical procedure in patients under prophylactic or therapeutic DAPT: the authors specifically address the risk of hemorrhagic complication post EVD placement, that is often required in the setting of aneurysmal subarachnoid hemorrhage (aSAH) and compare the outcome of patients with and without DAPT.
In this report, there is an increased propensity to use of stents/flow diversion in 40% of patients with ruptured aneurysms; this is a very large percentage that does not reflect the current practice in many centers in the US, and might be associated with higher complications. An alternative to stenting would be to use balloon remodeling technique as an adjunct tool for coiling to avoid the use of DAPT in the acute phase and plan on placing stent or flow diversion in a later stage, post-discharge. This analysis indicates that the rate of EVD related bleeds are 32/120, and the symptomatic ones are 10/120. This is a high rate and should not be neglected. The manuscript does not present data on thromboembolic complications related to the stents/flow diversion, and it should also be kept in mind that the complications related to stents/flow diversion in the acute aSAH phase are not related only to EVD. The combination of the use of DAPT and the thromboembolic complications can potentially offset the advantage of endovascular treatment over surgical treatment, and should be very carefully considered in the acute phase.
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